Re´sume´-É volution des proprie´te´s e´lastiques d'une paˆte de ciment pe´trolier au tre`s jeune aˆge dans des conditions HP/HT : caracte´risation expe´rimentale et mode´lisation -Une mode´lisation multie´chelle, couple´e avec un mode`le d'hydratation, est propose´e pour pre´dire l'e´volution des proprie´te´s e´lastiques d'une paˆte de ciment pe´trolier au tre`s jeune aˆge (jusqu'a`un jour). Des re´sultats expe´rimentaux montrent que la pression applique´e (1-200 bar) pendant la prise a peu d'effet sur la cine´tique d'hydratation contrairement a`la tempe´rature (20-60°C). Le mode`le d'hydratation retenu a e´te´valide´par des mesures calorime´triques. Les re´sultats de porosited e´duits de ce mode`le d'hydratation sont d'ailleurs cohe´rents avec des mesures de la porositeć onnecte´e effectue´es a`diffe´rents degre´s d'hydratation. La mode´lisation multi-e´chelle par homoge´ne´isation prend en compte l'e´volution des fractions volumiques des constituants de la paˆte de ciment au cours de l'hydratation. Le de´veloppement des proprie´te´s e´lastiques du ciment pe´trolier au tre`s jeune aˆge obtenues avec ce mode`le est en bon accord avec les mesures obtenues par la propagation d'ultrasons.
INTRODUCTION
In oil and gas wells construction, primary cementing technique consists in placing cement slurries into the annular space between the drilled rock formation and the steel casing. The cement paste then hardens to form a hydraulic seal preventing the migration of formation fluids through the annulus. The latter has to be especially well cemented because the cement sheath is submitted to various thermal and mechanical loadings from the drilling phase to the abandonment phase. The main future objective of this work is to pave the way for computing stress and strain states developing within the cement sheath during cement paste hydration; indeed the behaviour of the cement sheath can have a drastic impact on the long term integrity of the well. Over the past ten years, several papers were concerned with the long term mechanical durability of the cement sheath. However, until now there are no relevant physical and mechanical inputs that allow to evaluate the development of stress and strain states in the cement at very early age of hydration in oil or gas wells [1] [2] [3] [4] . The monitoring of mechanical properties measurements of the cement paste at very early age under downhole conditions is not trivial due to the lack of instrumentation that can help curing and maintaining the cement paste under downhole conditions while testing for mechanical properties. Ultrasonic measurements initially used as an indicator of setting [5] were extended in order to provide dynamic mechanical properties at room temperature and atmospheric pressure [6] [7] [8] [9] , and also to study the early-stage cement paste properties [10] [11] [12] . These mechanical properties are generally much more difficult to measure at a very early age than later in the hydration process, as they are continuously changing during the measurement course. Recently, some static mechanical properties measurements [13, 14] were obtained by uniaxial compression and have been compared with dynamic mechanical properties obtained from ultrasonic propagation.
From another point of view, the material within the cement sheath is completely confined, which means that its final state is strongly dependent of the overall hydration process, even during the very early beginning of the hydration process. So, a prediction of the properties of the cement paste from the evolution of the concentration of its constituents is clearly desirable for engineers. Such kind of prediction was already provided in the past for the prediction of mechanical properties at an early age [15] [16] [17] [18] [19] [20] [21] . However, these studies are restricted to a period of hydration corresponding to relatively large values of concentration of hydrates. In our study, we are interested by the process occurring at the very beginning of the hydration process, the concentration of hydrates starting from zero. This period of hydration is referred to as "very early age", for distinction of previous studies related to a later stage, usually referred to as "early age". However, the kind of models used at a later stage cannot be used, because it is necessary at a very early age to use a model which ensures the formation of a skeleton of hydrates for very small concentrations of hydrates, which is not a priori provided by models used for the subsequent stages of hydration.
The present paper aims at characterizing and predicting the development of the elastic properties of a class G oilwell cement paste at a very early age under downhole conditions (high pressure and high temperature, HP/HT). The main steps of the used approach are illustrated in Figure 1 .
Section 1 concerns the homogenization of the mechanical behaviour of the cement paste at a very early age. For this purpose, a multi-scale approach, that uses the evolution of volume fractions of the different components of the cement paste during hydration, is used.
Section 2 deals with the necessary mechanical and chemical inputs for obtaining the evolution of volume fractions of the different components of the cement paste. The intrinsic mechanical properties of solid constituents are recovered from nano-indentation testing data coming from the literature, while the evolution of volume fractions is determined from a cement hydration kinetics model for the four clinker components of a class G oilwell cement. Figure 1 Workflow of this study.
Section 3 is devoted to the experimental characterization of the class G oilwell cement paste. Semi-adiabatic calorimetric measurements are performed in order to validate the hydration kinetics model. Isotherm calorimetric measurements are also conducted to study downhole conditions effect on hydration kinetics. Dynamic moduli obtained by ultrasonic propagation measurements are presented and a comparison with the results of the homogenization model is finally provided in Section 4.
PREDICTION OF ELASTIC PROPERTIES BY HOMOGENIZATION MODELLING
From a general point of view, homogenization modelling is an upscaling approach which aims at predicting the properties of an heterogeneous material, from information on the distribution of its micro-structural components. So, several homogenization modelling methods were used for predicting the elastic behaviour of cement based materials during the hardening phase [15] [16] [17] [18] [19] [20] [21] [22] , based on the knowledge of the elastic properties and volume fractions of its constituents either during the hydration or in post hydration phase. The predictive capabilities of such upscaling approaches to determine the macroscopic elastic properties seem to be well established. The extension of such approaches to the prediction of the isothermal and not ageing viscoelastic behaviour of cement paste or concrete to estimate their creep during post hydration was also proposed from the use of the correspondence principle based on the Laplace-Carson transformation [22] . All these studies were not performed at the very early stage of cement paste but later during the hardening phase where the distribution of phases is drastically different from the one observed at the very early age. From another point of view, measurements during the quick evolution of the cement paste at a very early age are scarce and this paper will be restricted to the prediction of instantaneous elastic properties. A drastic difference between our work and previous studies on this subject is that the presence of the aqueous phase is predominant at a very early age and must be accounted for.
In this contribution, the study is particularly focused on the instantaneous properties of the cement paste during hydration through the choice of a microstructure model and of the related homogenization scheme.
Homogenization in Linear Elasticity
The principle of homogenization in linear elasticity is here briefly recalled from references [23, 24] .
Let us consider a heterogeneous medium with n isotropic elastic phases whereof the concentrations f i with i = 1, ..., n evolve with time. A Representative Elementary Volume (REV) is considered in this medium, given by the domain X ¼ [ i¼1 n X i and the boundary oX, where X i correspond to the involved phases.
The elastic properties of the homogenized medium are obtained by linking the macroscopic strain E with the macroscopic stress R :
where r = r(x) and e = e(x) are the local values of the second order stress and strain tensors at location x and where the symbol h i stands for the volume average over the domain X of the quantity between brackets (assumed known at any point x of the REV). The fourth order tensor C hom corresponds to the homogenized stiffness tensor, which can be written under the assumption of an isotropic effective elastic behaviour as:
where j hom and l hom are the bulk and shear moduli, d is the second order unit tensor and I is the fourth order identity tensor. The main problem in homogenization is in predicting the local stress and strain distribution related to macroscopic stresses and strains; this process is called "localization". This is effected by applying suitable conditions at the boundary of the REV. In the following, a displacement field u ¼ E Á x is applied at the external boundary x 2 oX ð Þ. Thanks to the linearity of the problem, the microscopic strain can be written as [25] :
where L x; t ð Þ is a localization tensor which depends on time because of the evolution of the involved phases during hydration. Accordingly, the microscopic stress tensor can be written as:
The effective elastic properties of the composite material can finally be related to the concentration f i of each phase and to its elastic properties C i :
is the volume average per phase (over the sub-domain X i ) of the localization tensor. The estimation of tensor L i gives access to the required properties j hom and l hom . This estimation is made possible by the choice of a specific homogenization scheme which is based in the following on a simplified representation of the distribution of phases.
Choice of an Homogenization Scheme
There are many homogenization schemes as thoroughly reviewed for example in the Milton's book on composite materials [24] . However, for the most complex schemes, the knowledge of the distribution of the different phases is necessary. So, our choice was to use the simplest scheme which is compatible with the physics underlying the hydration process. Among these schemes, the classical self-consistent scheme could not be used, because the formation of a continuous hydrate skeleton during hydration occurs at the very early stage of the process, for concentration of hydrates for which the percolation threshold is not predictable by the self-consistent scheme, unless by introducing form factors which are not adapted to hydrate particles. It is also emphasized again that in our study, the schemes used for later stages of hydration process could not be used in our study concerned by the very early age of hydration. Slightly more sophisticated schemes, such as Mori-Tanaka scheme or generalized-self-consistent schemes are able to guaranty a continuous hydrate skeleton at the very early stage of the process. Both schemes produce similar results at low concentrations but the field of application of the Mori-Tanaka scheme is more restricted at higher concentrations. So, our choice has been to use the Generalized Self-Consistent scheme (GSC).
For the most general expression of a GSC scheme, n isotropic elastic phases are represented by a composite sphere containing layers considered as homogeneous.
The interaction between such a composite sphere and the surrounding materials is approximated by the interaction with a material having effective properties in the outer part (as for the classical self-consistent scheme) numbered (n + 1) (Fig. 2) . Each constituting phase i is considered as elastically isotropic and characterized by its bulk and shear moduli j i ; l i ð Þand its volume fraction
n . Assuming that the REV is submitted at infinity to a displacement u = E.x related to the macroscopic mean strain E, the effective properties j hom and l hom are obtained from closed-form expressions of elastic properties and concentrations of constituent phases, as described in [27] and briefly recalled in Appendix A.
Microstructure Evolution of the Cement Paste during Hydration
The morphological properties of the hydrating cement paste have to be considered with care to define a relevant homogenization scheme. When anhydrous cement is mixed with water, the cement paste can be seen at a very early age as a suspension. Next, the hydration leads to the nucleation and to the growth of a multi-components and porous assembly of hydrates phase which produces a gradual increase of the mechanical properties of the hardening cement paste due to the development of a cohesive solid skeleton. The progressive development of the hydrated compounds induces a gradual decrease of the aqueous and anhydrous phases as illustrated in Figure 3 . The aqueous phase is mainly present in the C-S-H gel porosity and in a (totally or partially) filled capillary porosity, interspersed in the hydrates network.
In the context of the present study, the cement sheath is assumed continuously supplied with water coming from the nearby saturated rock formations.
Representing schematically the evolutionary microstructure of the cement paste during hydration is not obvious. Nevertheless, the representation of this microstructure is necessary to estimate the homogenized mechanical properties. The main phases in presence are hydrates, anhydrous phase and aqueous phase and, having in view to use the GSC scheme, it is necessary to affect elastic properties at each part of the composite sphere. It is tempting to use a composite sphere made of three parts (aqueous phase, hydrates and anhydrous phase). Unfortunately, none of the different definitions of composite spheres can be considered as realistic for representing the main features of the geometrical distribution of phases, the main principle being that as soon as the hydration process begins, the anhydrous parts are surrounded by hydrates (Fig. 4) .
The scheme which has been finally retained is described in Figure 5 . It comprises a connected external spherical layer made of hydrates (containing a part of anhydrous phase), in contact with a spherical layer containing the aqueous phase, itself containing a central composite
Generalized self-consistent scheme of a multiphase medium according to [27] .
sphere made of a hydrate spherical layer surrounding a central sphere containing the anhydrous material. However, it is worthwhile to mention that the hydrates themselves are not homogeneous and it is necessary to account for this feature for obtaining the properties of hydrates, as described in the following subsection.
Multi-Scale Analysis
The homogenization process applied to the cement paste requires to take into account some parameters which are defined at different scales. Such scales (Fig. 5) can be defined as follows:
At the lowest scale, the C-S-H gel is heterogeneous. At this scale, some mechanical properties of the C-S-H gel are accessible by mechanical testing, i.e. nano-indentation (Tab. 1). The C-S-H gel exists under two different forms: a Low Density (LD) C-S-H with a porosity of roughly 37% and a High Density (HD) gel of around 24% of porosity [26] . The C-S-H gel is the dominant Upscaling method applied to the cement paste.
component of the forming cement paste skeleton and may be regarded at the upper scale as a homogeneous matrix connected with the other phases.
Scale I: Hydrates Phase
This scale is associated with the hydrates phase in Figure 5 which is seen as a composite phase formed by a C-S-H matrix surrounding portlandite (CH) and aluminates (AL).
Scale II: Homogenized Cement Paste
This is the upper scale corresponding to macroscopic scale, that is the scale at which the elastic properties have to be determined during the hydration process starting from the intrinsic elastic properties of individual components in these three defined scales and from their varying volumetric concentrations.
Estimation of the Effective Elastic Properties
The volume fractions of all phases can be deduced at each stage of the hydration process. However, the composite spherical cell of Figure 5 is not completely defined because hydrated and anhydrous phases appear in two different parts of the composite sphere: one part named "connected solid matrix" being the external spherical layer, and the second one named "unconnected hydrate/anhydrous phases" comprising the internal sphere and its surrounding layer. Some assumptions are therefore necessary to define the concentrations of all phases. First (assumption 1), without complementary information, the ratios between volume fraction of hydrates and of anhydrous materials are assumed to be the same within the two parts mentioned above. Next, an important point is to characterize the ratio between the volume fractions of connected (f c ) and unconnected (f u ) parts.
Let us consider the volume fractions f c and f u of both parts. It is obvious that f c is null at the beginning of the hydration process and equal to 1 at the end of the hydration process. Now, let us consider the ratio f c f u þf w where f w is the volume fraction of water. This ratio tends to 0 when the hydration ratio is null and becomes very large when the hydration ratio tends to 1. A simple way to ensure this property (assumption 2) is to assume that:
where a is a constant parameter and n is the hydration ratio whose definition is recalled in Section 2. Indeed, if the hydration is complete (n=1) and if the initial quantity of water is adjusted so that it is completely consumed at the end of hydration, all the water and the anhydrous materials are consumed at this stage (f w ¼ f u ¼ 0). And therefore both ratios tend to infinity. At the beginning of hydration (n=0) there is no hydrates and no connected materials and therefore f c ¼ 0. Under the previous assumptions, these two limit cases are consistent with the use of the previous relationship. Finally, the use of assumption 1 for a given hydration ratio allows the computation of the ratio of hydrates and anhydrous components in the different spheres of Figure 5 . It produces the ratio of the radii of the smallest spheres and the properties of the material contained in the upper layer of the figure. The combination of assumptions 1 and 2 allows the computation of the radii of all spheres. Finally, this set of assumptions allows the computation of all concentrations of phases in the composite sphere model and leads to the theoretical estimation of effective properties as follows.
For a given value of a, all volume fractions of the constituents are known for any hydration ratio. Knowing the elastic properties of hydrated and anhydrous phases (see next subsection), the computation of elastic properties is performed in two steps.
A first step is to obtain the elastic properties of the "connected solid matrix". These properties are obtained by using the GSC scheme (Appendix A) for two phases (n = 2) with one central sphere made of anhydrous phase and an external spherical layer made of hydrates, the radii of spheres being obtained as explained before by using assumption 1.
In a second step these properties are introduced in the full 4-phases GSC scheme for obtaining the overall properties, the radii of the spheres being obtained from the hydration ratio as previously. At this stage, the equations of Appendix A are again used for n = 4. These equations produce the overall effective elastic moduli of the cement paste.
MATERIAL INPUT DATA
Computing the homogenized bulk and shear moduli j hom ; l hom ð Þof the hydrating cement paste requires the knowledge of the intrinsic elastic moduli of the cement paste components at the different defined scales (Fig. 5) and their volume fractions evolution during hydration. The elastic properties at the lowest scales are assumed to be intrinsic and taken from the literature based on nano-indentation tests.
A first part of this section describes the simplified homogenization scheme which is used for obtaining the "mean" properties of hydrated and anhydrous phases, knowing the properties of their constituents at a lower scale.
The second part of this section describes the hydration model which provides the evolution of the volume fractions of all phases during hydration.
Mechanical Data
The hydrate phase contains all hydrates which are formed during the hydration process. It is not possible to account for the distribution of all these parts. However, the contrast between their mechanical properties is not too high and the effect of the microstructure is reduced, which induces that different homogenization processes produce similar results. In addition, it is wellknown that the effective bulk modulus and shear modulus are strictly comprised between two bounds made of their volume mean value and of their volume harmonic mean value. So a convenient simplified estimation of the mean properties at this stage is provided by the mean between these two bounds.
This estimation is used thereafter. Indeed, at the scale '0' the elastic properties of the C-S-H matrix j CÀSÀH ; l CÀSÀH ð Þare first determined by volume averages obtained from the two types of C-S-H j z ; l z ð Þwith z = LD C-S-H and HD C-S-H:
wheref z is the volume fraction of each type of C-S-H in the C-S-H matrix. At the upper scale, the same estimation from volume averages is used to determine the elastic properties of the hydrates phase j h ; l h ð Þ from the elastic properties of each hydrate component j y ; l y À Á with y = homogenized C-S-H at the scale 0, portlandite (CH) and aluminates (AL):
in whichf y is the volume fraction of each hydrated component in the hydrates phase. Similarly, the elastic properties of the anhydrous cement j a ; l a ð Þ are determined from the elastic properties of each anhydrous component j x ; l x ð Þwith x = C 3 S, C 2 S, C 3 A and C 4 AF:
wheref x is the volume fraction of each anhydrous component in the anhydrous cement. With regard to the elastic moduli of the solid phases, Table 1 gives the available data at these scales in terms of Young's modulus E and of Poisson's ratio obtained from literature. Unfortunately, there is a lack of the elastic properties of aluminates. Since the elastic properties of C 3 S were carefully measured, Poisson's ratio value of C 3 S is simply used for C 3 A and C 4 AF. For the aluminate hydrates, it is assumed that their properties are similar to the elastic properties of the C-S-H matrix provided by Equation (7) . Using the values obtained from Table 1 , the elastic bulk and shear moduli for the solid compounds j x ; l x ; j y ; l y ; j z ; l z À Á are computed according to the classical relationships of elasticity. This set must be completed by the elastic properties of the aqueous phase, whose bulk modulus is j w (20°C) = 2.18 GPa and j w (60°C) = 2.25 GPa [28] , its shear modulus being null.
Data Coming from the Chemical Hydration Model
The volume fractions of the different phases inside the cement paste are continuously evolving during the hydration process. So, the main objective of this section is to provide the volume fractions evolution of the phases during the hydration process. This requires two steps: -the description of the evolution of the hydration degree from kinetics laws of reactions related to the hydration of each anhydrous phase; -the determination of the evolution of volume fractions of associated hydration products together with the progressive decrease of anhydrous components and aqueous phase.
Hydration Model
The hydration process of each compound x is expressed in terms of its degree of hydration n x which is one minus the ratio of the unreacted mass m x of each anhydrous component to its initial mass m 0 x :
In this subsection, kinetics laws based on chemical affinity are used for the description of the cement hydration [20] . These laws were found suitable for the prediction of the cement hydration during all hydration stages and easily incorporated within the framework of a chemically reactive [33] porous medium.
Therefore, the cement hydration kinetics reads:
whereÃ x -ð Þ is the normalized chemical affinity, s x hour ð Þ denotes the characteristic time of the chemical reaction, which depends on the temperature T, the current Blaine surface area /, the type of clinker mineral and the water to cement ratio w/c.
Furthermore, dependence of the hydration reaction on temperature is considered to be described according to Arrhenius equation [34] by reducing the characteristic time of the reaction as:
where s x T 0 ; / 0 ð Þis the characteristic time of the chemical reaction [15] at the reference temperature T 0 = 293 K, / 0 = 3 602 cm 2 .g À1 is a reference fineness of cement, E x a is the activation energy of each component x and R is the gas constant.
Moreover, experimental results obtained from isothermal calorimetric measurements with DSC (Fig. 8a in Sect. 3.1.1) have allowed to verify the existence of three hydration stages in the period concerned in our study. The normalized affinity takes then three particular expressions according to the stage as reported in [20] : 1. Induction stage, at which the dissolution of clinker occurs. 2. Growth stage characterized by a nucleation process accompanied by reaction acceleration and formation of hydration products. 3. Diffusion stage which corresponds to the process during which ions diffuse through a thickening layer of hydration products toward anhydrous cement grains.
During the induction stage t < t 0 x and n x t ð Þ < n 0 x À Á , the reaction is very slow, which allows to assume that it does not evolve practically during this stage. In this case, the chemical affinity is assumed constant, which implies A x ¼ 1 [20, 21] . The stage duration, noted t 0 x , reads:
where n 0 x is the critical degree of hydration at the end of the pre-induction which is characterized by an instantaneous release of heat. The degree of hydration during this stage is then given by:
where H t ð Þ is the Heaviside step function. During the growth stage t 
In addition, the characteristic time associated with the growth stage writes:
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The parameter K x defines reaction order whereas k x represents the rate constant.
During the diffusion stage t > t 
The values of parameters used in this paper are summarized in Table 2 . They were interpolated from data published in [20] . The diffusion coefficient values were deduced from the fitting of the present hydration model to the experimental hydration data of Escalante-Garcia and Sharp [35] for each cement component.
Finally the overall degree of hydration n t ð Þ is obtained from the values of the partial hydration degree n x t ð Þ of each anhydrous cement component x as follows:
where m
x is the initial total mass of the anhydrous cement and f m x is the initial mass fraction of each anhydrous component.
An alternative estimation, n Q , of the hydration degree can be directly related to results of Q t ð Þ obtained from calorimetric measurement (semi-adiabatic) which will be used thereafter. It is given by:
where:
Q t ð Þ is the current heat of hydration, Q 1 is its asymptotic value released at full hydration n Q ¼ 1 À Á . It is important to note that Q 1 depends on q 1 x , the corresponding asymptotic value for each component x, whose experimental data show a certain dispersion in the literature (Tab. 3).
Equation (22) shows an equivalent expression of Equation (20) with Q t ð Þ deduced from the current hydration heat of each component x. 
Volume Fractions Evolution during the Hydration Process
The hydration kinetics, Equations (11)- (18), for each anhydrous cement component are used for determining the evolution of the volume fractions related to the different phases of the cement paste during hydration. At each time t, the volumes of remaining anhydrous cement V a , of water V w , of the formed hydrates containing gel porosity V h and of capillary porosity V p are determined. The volume of the cement paste V c is then given by:
In this work, the cement paste volume is assumed constant during hydration, which means that bulk shrinkage is neglected with regard to volume variation: The volume fractions for each phase of the cement paste are given by:
More suitable forms of volume fraction expressions can be obtained by considering stoichiometry of the hydration reactions of the four main cement components C 3 S, C 2 S, C 3 A, C 4 AF: Monosulfate ðAFmÞ ð30Þ
The hydration reactions of C 3 A have to be particularly considered with care because they occur at different stages in the presence of gypsum and overlap each other. The ettringite which is a stable product is first formed (Eq. 29), and when the gypsum C SH 2 ð Þ is consumed, the ettringite becomes unstable and further hydration yields the monosulfate (Eq. 30). Then, calcium aluminate hydrate may be formed (Eq. 31) if C 3 A is not completely consumed after the formation of AFm (Eq. 30). The C 3 A reactions rate also depends on several factors such as temperature, w/c ratio and grain size [36] . Furthermore, the initial mass of C 3 A represents only 2% of the initial mass of the studied anhydrous cement (Tab. 4). Consequently, an approximation is made by considering that C 3 A is assimilated to C 4 AF and only the hydration reaction of the C 4 AF which forms the hydrogarnet (Eq. 28) is considered to describe the volume fraction evolution of the aluminate hydrates.
According to [20] , the volume fractions of the different phases of the cement paste can finally be written in terms of stoichiometric ratios h of the chemical reactions Equations (26)- (31), mass densities q and molar masses M: Figure 6 presents the volume fractions evolution during the hydration of a class G cement paste. The consumption of the anhydrous cement and water during the hydration reactions results in the formation of 
hydrates containing the gel porosity and the capillary porosity. At complete hydration n ¼ 1 ð Þ, all the anhydrous cement is consumed, f C-S-H = 59.1%, f CH = 12.8%, f AL = 15.3%. The remaining water content (f w = 2.2%) and the formed capillary porosity (f p = 10.6%) provide the macro porosity of 12.8%. Similar trends were also obtained by Taylor [36] and Hansen [38] . It is also worth noting in Figure 7 that porosity measurements performed by the MIP technique (Mercury Intrusion Porosity) at different hydration degrees on the studied class G cement [39] are consistent with the macro-porosity evolution which results from the hydration model.
EXPERIMENTAL RESULTS ON CEMENT PASTE
The following experimental results have two objectives: the first one is to validate the assumptions which were used for describing the hydration process of the previous section, which provides the different volume fractions of the phases. The second one is to obtain elastic properties of the cement paste which will be compared in the following section to the results obtained by the homogenization process. In this work, all experimental results are obtained on a Class G cement produced by Dyckerhoff AG which is considered to be representative of oilwell cements. Its physical properties and mineral composition are given in Table 4 . The anhydrous cement was mixed with deionized water to prepare cement paste with w/c = 0.44.
Characterization of the Cement Paste Hydration
The characterization of cement paste hydration is classically performed by using calorimetric tests. It is emphasized that the cement paste which is under study must be used in field conditions which include high temperatures and pressures. So, in a first step, calorimetric tests (DSC tests) allowing to take into account the effect of these two parameters on the hydration kinetics are reported. However, these tests do not allow to recover the Evolution of the porosity of the class G cement paste versus the degree of hydration for two hydration conditions (23°C, P atm ) and (60°C, P atm ). Comparison of experimental results obtained from MIP technique [39] with the evolution of the volume fraction of the (water + capillary porosity) phase from the hydration model. hydration ratio, for which the evaluation of the heat produced during hydration must be estimated. So a second series of tests was performed by using the Langavant calorimeter. This last method allowed to recover the heat produced during hydration and therefore the hydration ratio.
Temperature and Pressure Effects
Calorimetric measurements were performed using an isotherm calorimeter (HP micro DSC VII). Such a calorimeter allows to study the temperature (T) and the pressure (P) effects on the hydration kinetics by following the heat flow emitted during cement paste hydration under downhole conditions. The tests conditions are summarized in Table 5 . Figure 8a shows that when curing temperature is elevated (60°C), the three main phases of hydration duration are significantly reduced and the exothermic heat flow peak is higher than the heat flow evolution at 23°C. Indeed, it is well known that the increase of curing temperature accelerates the hydration reactions of the cement paste [35, 40] . However, the effect of pressure on the hydration kinetics is by far less remarkable than the one induced by the temperature (Fig. 8b) . A slight shift of the peak in the heat flow reveals somehow an acceleration of the hydration reactions. The amount of heat is also slightly increased. Nevertheless this effect can be assumed to be negligible with regard to the involved contrast of pressure. The pressure effect is consequently assumed negligible in this work, and it is no more considered below.
These results provide interesting qualitative information on the hydration process, but do not provide an overall heat production which is necessary for obtaining the "calorimetric" hydration degree. So, the hydration kinetics is provided in the following section by using an alternative calorimetric set-up.
Determination of Hydration Kinetics from Calorimetric Data
The Langavant semi-adiabatic calorimeter was used to quantify the heat Q t ð Þ emitted during the exothermic chemical reactions between anhydrous cement and water. Such a calorimeter can be used only at atmospheric pressure. The overall hydration degree is then calculated by using Equation (20) where Q t ð Þ is the measured hydration heat. This measurement allows to validate the overall hydration degree obtained from the hydration model of the previous section. However, this comparison is possible at the condition to know the total heat production. This total production has been evaluated by using two different kinds of estimations coming from the literature, as shown in Figure 9 , which displays predicted (from Sect. 2) and measured estimations of the overall hydration degree. The comparison between experimental and predicted values shows that the model overestimates the overall heat flow at early times, but that it recovers the main trends provided by experimental results. Time ( These results must be evaluated in view of all the assumptions used in the modelling process and by considering the two types of tests which were used in this study.
There are indeed a few assumptions during the modelling of the hydration process which should need a further scrutiny: -the use of the equation of Arrhenius to describe the temperature effect; -Avrami's model for the normal affinity; -Fuji and Kondo's model for the normalized affinity during the diffusion stage; -the use of parameters of Table 2 , which correspond to data coming from measurements on materials which can be different from the paste under study. In view of these assumptions, the comparison between calorimetric data and modelling results shows that these assumptions are realistic for the cement paste under study.
In addition, the use of two kinds of calorimetric tests allowed to show that the pressure has a secondary effect on hydration compared to the temperature which strongly influences the hydration process. These results are obviously of importance for the use of the cement paste in field conditions.
Acoustic Measurement of the Elastic Properties of the Cement Paste
Acoustic measurements were performed using an ultrasonic instrument working in transmission mode on the cement paste cured under two different temperatures and at atmospheric pressure (Tab. 6). Samples were soaked in water then tested at atmospheric pressure and room temperature. The device mainly consists of piezoelectric transducers for shear waves (Parametrics V153-RM) working at a central frequency of 1 MHz, which provide both shear and compression waves with only one measurement (Fig. 10) . Indeed, the piezoelectric transducer emits a shear wave and a compression wave of lower amplitude which propagates more quickly in the sample than the shear wave [41] . The signal processing allows the separation between compression and shear waves.
The quantities measured are the wave propagation velocities, v l and v t , for longitudinal (compressive) and transverse (shear) waves, respectively. Velocities given by Equations (36) and (37) are directly related to the elastic properties of the sample and to its density by: 
Model:
ξ ξ or Q (-) Figure 9 Comparison of the kinetics of hydration degrees v Q and n Q obtained from the hydration model at 23°C (respectively Eq. (19) and (22)) with n Q (Eq. 20) obtained from semiadiabatic measurement at 23°C, P atm . 
Piezoelectric sensor receiver
Piezoelectric sensor transmitter Sample Plexiglas Figure 10 Experimental device used for ultrasonic modulus measurement in transmission mode. The Plexiglas cylinder is a waveguide.
The dynamic bulk j ð Þ and shear l ð Þ moduli of the cement paste are then calculated from Equations (36) and (37) as:
It was not possible to measure the dynamic elastic moduli of cement pastes until the transition from a suspension containing non-cohesive solid particles to a cohesive skeleton occurs. At this time, the shear waves may propagate throughout the forming interconnected solid network [6] . Figure 11 shows the dynamic elastic moduli evolution of the studied class G cement paste measured at 23°C and 60°C (Tab. 6). These moduli quickly increase at early ages and then increase more slowly when hydration slows down. The values of the dynamic elastic moduli for the first curing age either at 23°C or 60°C are similar. Figure 11 shows also, that for the same curing age, the values of the dynamic elastic moduli at 60°C are higher than those obtained at 23°C, this result being obviously due to the acceleration of the hydration process when increasing the temperature. Figure 12 shows the comparison between evolution of elastic moduli with time obtained experimentally and from the homogenization process. The homogenized elastic moduli are obtained by introducing the different volume fractions shown in Figure 6 together with mechanical parameters given in Section 2.1, into expressions related to the use of GSC homogenization scheme in a two-step process, as previously described. Different values of parameter a were introduced. The results show that experimental moduli compare well with the theoretical results obtained from the highest value of a, i.e. a = 0.5, the experimental moduli being slightly higher than theoretical ones. Obviously, the comparison between experimental results obtained by wave propagation and theoretical results coming from the hydration data combined with the homogenization process must be appreciated by taking into account the simplifications used in the process. These simplifications include: -the use of a simplified homogenization model in which the grains of connected material are assumed spherical, knowing that this grain shape is far from real grain shapes which are very irregular; Time (h) Elastic Moduli (GPa ) Figure 11 Evolution of dynamic elastic moduli of the class G cement paste with curing age. The dynamic moduli are measured by ultrasonic method at 23°C (solid symbols) and 60°C (open symbols). 
COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS

Figure 12
Early-age homogenized elastic moduli j hom ; l hom ð Þcom-pared with dynamic elastic moduli measured by ultrasonic method j dynamic ; l dynamic À Á a) at 23°C and b) at 60°C versus hydration time/hydration degree (class G cement paste, w/c = 0.44).
M. Bourissai et al. / Evolution of the Elastic Properties of an Oilwell Cement Paste at Very Early
Age under Downhole Conditions: Characterization and Modelling -the two assumptions which were used for obtaining the concentrations of each constituent in the composite sphere, which constitute certainly a simplification; -the assumptions taken into account for modelling the hydration which were stated in Section 2. However, despite all these simplifications, the comparison shows a good consistency between experimental and theoretical results. It shows that the main characteristics are taken into account. Indeed, the main points in this kind of modelling are to respect the connectivity of the phases and to have a correct evaluation of the concentrations of the different phases. The good consistency between experimental and theoretical results shows that these main points are respected in the whole process.
CONCLUSIONS
This paper dealt with the very early-age cement paste characterization and with the modelling of the elastic properties development under elevated temperature and high pressure frequently encountered in oil and gas wells where they have to be addressed.
Isothermal calorimetric measurements have shown an acceleration of the hydration kinetics with temperature and also a negligible effect of pressure on hydration kinetics in the range of the tested pressure. A hydration kinetics model based on chemical affinity was used to take into account the temperature effect on cement paste hydration. The model results are in a good agreement with the performed semi-adiabatic measurements of hydration heat. Then, the development of cement paste elastic properties was predicted from the use of a multiphase homogenization model, based on the evolving volume fractions of components of the hydrating cement paste determined from the hydration kinetics model and from the micromechanical properties of the multiphase cement paste at multiple scales. The elastic moduli results obtained from the multiscale homogenization approach coupled with the hydration model, at 23°C and 60°C compare well with the dynamic moduli obtained from acoustic measurements at the same temperatures.
